1. Introduction {#s0005}
===============

Autism spectrum disorders (ASD), affecting about 1% of adult populations ([@bb0005]), are characterized by abnormal social interaction, communication, restricted interests, and repetitive behavior ([@bb0010; @bb0015; @bb0020]). Individual ASD phenotypes evolve in complex nature--nurture interactions ([@bb0025; @bb0030]) and are difficult to characterize. Widely used tests measuring specific aspects of social cognition such as facial expression recognition ([@bb0035]), mentalizing of others\' thoughts ([@bb0040; @bb0045]), and understanding or imitating others\' actions ([@bb0050]), each capture some aspects of the multifaceted social cognition impairments. With such tasks it has been challenging to characterize especially high-functioning ASD individuals who often compensate their poor performance in tasks probing isolated social functions by adopting alternative strategies ([@bb0055]). For instance, images of facial expression of happiness can be recognized by analyzing facial features around mouth and eyes, while in real-life recognition of other person's happiness requires, in addition to fast detection of facial expression, an ability to interpret contextual cues and goals of behavior. Therefore, performance in typical behavioral tests does not predict how patients with ASD guide their social interactions in complex natural environments. Brain imaging studies probing the neural basis of ASDs using similar tasks as in behavioral studies ([@bb0060; @bb0065; @bb0070]) naturally share these limitations.

Challenges in measuring autistic traits and underlying brain functions have required development of novel paradigms that enable characterization of behavior in complex, dynamic social conditions that better imitate real life. Such paradigms, when they are used to measure spontaneous recognition of social cues ([@bb0105; @bb0095; @bb0100; @bb0090; @bb0110]) or interpretation of social interaction ([@bb0120; @bb0115]) portrayed in movies, have indeed turned out to be successful in characterizing social-cognitive impairments in ASDs. Importantly, novel brain imaging methods allow investigation of hemodynamic activity associated with viewing social interactions portrayed in a movie ([@bb0130; @bb0125; @bb0140; @bb0135; @bb0145; @bb0150; @bb0155]). In a pioneering study, [@bb0125] used spatiotemporal activity patterns of one brain to predict activity in another brains, and found a strong voxel-by-voxel synchronization in several cortical areas. It seems that naturalistic stimuli are very efficient in eliciting reliable responses in the human brain ([@bb0140]). [@bb0160] also demonstrated that in autistic participants regional temporal synchronization of fMRI signals, intersubject correlation (ISC), was decreased during free viewing of a movie excerpt in multiple brain areas, including visual and auditory cortices, suggesting that autistic persons respond to dynamic naturalistic stimulation in more individualistic ways than neurotypical (NT) controls.

Experiments using simple stimuli and isolated behavioral tasks and those using very rich naturalistic free viewing conditions may offer complementary insight into brain basis of ASD. Traditional experiments are tuned to carefully tease apart specific aspects of stimulus processing and task demands. However, it may be difficult to predict how such findings generalize to more complex ecological stimulus conditions. For instance, even responses of early sensory neurons to complex naturalistic stimuli are difficult to predict based on their responses to simple static stimuli ([@bb0075; @bb0080]). Studying brain activity of ASD versus control subjects in more naturalistic settings, such as while viewing complex social interactions depicted in a movie, may enhance understanding how the brain is functioning in real life. Nevertheless, the obvious drawback is that in such experiments it may be very difficult to determine specific associations between stimulus features and corresponding brain activity.

Recent functional brain imaging studies on ASDs, measuring the functional connectivity among brain areas, have characterized distributed brain networks participating in social cognition (for reviews see ([@bb0175; @bb0165; @bb0170])). Several studies report decreased frontal-posterior connectivity in ASD participants during simple behavioral tasks ([@bb0195; @bb0200; @bb0210; @bb0190; @bb0205; @bb0180; @bb0185; @bb0215]) and during resting state ([@bb0220; @bb0225; @bb0230]). Although the validity of these findings has recently been questioned by studies demonstrating that the methods that were used are sensitive to spurious effects caused by movement of the participants during scanning ([@bb0235; @bb0240]), these studies have significantly shaped views of autism-related brain functions. Instead of local amplitude changes in brain responses, several studies provided evidence of atypical large-scale brain network structure in ASDs, such as increase of randomness in local brain activity ([@bb0245]) or brain network structure ([@bb0250]). Theories of autism are therefore now accounting for findings related to distributed brain networks, typically relating autistic traits to delays in fast interactions among brain areas which characterize most of the social brain functions ([@bb0255]). Brain imaging studies using complex dynamic stimuli such as movies that portray human social interactions may thus be well suited for addressing brain connectivity in ASD, as they provide optimal, large and time-variable dataset for functional connectivity analyses.

In this study, we examined using ISC and functional connectivity measures the neural basis of social impairments in ASD during naturalistic stimulation. We measured brain activity of 13 carefully diagnosed and characterized ASD participants and 13 matched-pair NT controls with fMRI while they were viewing a film depicting core aspects of social cognition (social interaction, goal-directed action, and facial and bodily emotional expressions). This movie reliably activates brain networks involved in social information processing in NT participants ([@bb0145]). We included only high-functioning participants with ASD diagnosis that matched the NT controls in other domains of intellectual performance excluding social cognition, and restricted and/or stereotyped behavior. We also studied the link between the severity of the autistic traits and synchronization of brain activity. Whole brain functional connectivity analyses were performed using fourteen regions of interest (ROIs) as seeds. The selection of ROIs was based on our recent study localizing key areas involved in perception of dynamic social events containing faces, bodies, biological motion, goal-oriented action, emotions, social interaction, pain, or speech ([@bb0150]). We predicted finding group differences in ISC especially in brain areas that have a key role in social perception and cognition, including the occipito-temporal fusiform cortex ([@bb0265]), the inferior frontal gyrus ([@bb0270]), the superior temporal sulcus ([@bb0275; @bb0280]), and medial prefrontal cortex ([@bb0285]). Furthermore, encouraged by our recent study demonstrating a link between similarity of brain activity during movie viewing and similarity of participants emotional experiences ([@bb0155]), we expected that the synchronization of brain activity in the social brain areas is associated with social skills measured by the autism quotient (AQ) also in the NT group ([@bb0295; @bb0290]). Finally, we expected to find decreased functional connectivity between the frontal and posterior brain areas in ASD participants, previously reported during simple behavioral tasks and resting state.

2. Material and methods {#s0010}
=======================

2.1. Participants {#s0015}
-----------------

We studied 13 adult ASD males (mean age = 29 years, S.E.M = 1.7 years, age range = 20--41 years) and 13 NT adult male matched-pair control subjects (mean age = 29 years, S.E.M = 2.1 years, age range 19--47 years). The individuals with ASD filled the criteria for Asperger syndrome based on ICD-10 criteria. The diagnostic process included a detailed developmental history. Current symptoms were assessed with a review of diagnostic criteria and participants filled in the autism-spectrum quotient (AQ) questionnaire ([@bb0300]). AQ is a self-rating scale developed for assessment of the degree to which an individual with normal intelligence has the traits associated with the autism spectrum, validated in several studies ([@bb0305; @bb0310; @bb0315]). Five additional participants were scanned for both groups, however, two ASD participants were excluded for not meeting all the required criteria (due to the usage of medication, remission of particular symptoms, and additional diagnosis) and three ASD participants were excluded from the analysis due to excessive head movements (\> 3 mm absolute movement, i.e. more than one voxel in any direction) during scanning. One of the included ASD participants diagnosed in childhood had a remission of excessive routines and rituals and the concurrent symptoms were therefore more accurately characterized by the diagnosis of PDD-NOS. The matched-pair (NT) controls of the excluded ASD participants were also excluded. All participants had normal or corrected-to-normal vision, and normal hearing and spoke Finnish as their native language. Moreover, they had no other neurological or psychiatric diagnoses, and none of them were currently receiving medication affecting the central nervous system. Exclusion of psychiatric symptoms for the NT controls was confirmed with Structured Clinical Interview for DSM-IV. Groups were matched by age, and on each individual test on the Wechsler Adult Intelligence Scale III ([Table 1](#t0005){ref-type="table"}). AQ, ([@bb0300]), Empathizing and Systemizing Quotients (EQ/SQ, ([@bb0320]), Reading the Mind in the Eyes Test ([@bb0325]), and Benton Face Recognition Test ([@bb0330]) were also administered to the participants ([Table 1](#t0005){ref-type="table"}). AQ, EQ, SQ, and Reading the Mind in the Eyes Test were translated into Finnish for the purpose of the study. Each participant gave a written informed consent prior to the testing as a part of the study protocol approved by the Ethics Committee of the Hospital District of Helsinki and Uusimaa. The study was conducted in accordance with the Helsinki Declaration. The NT participants were paid and the ASD participants were financially compensated for the loss of income and for travel expenses, as required by the local ethics committee.

2.2. The movie stimulus {#s0020}
-----------------------

The stimulus was a Finnish movie "The Match Factory Girl" (Aki Kaurismäki, 1990) that was shown as a full-length original version (67 min). Long stimulus duration served to obtain good signal-to-noise ratio in extrasensory brain areas, where the ISC signals develop gradually during movie stimulus ([@bb0135; @bb0340; @bb0335]). The selected film describes a challenging period in a life of a young woman. She tries to find a boyfriend, but is rejected when she finally meets a proper candidate and gets pregnant. Simultaneously she struggles with her relationship with her parents.

Subjective evaluations of the film ([Table 3](#t0015){ref-type="table"}) were obtained from a sample that includes 9 ASD and 11 NT participants. In the beginning of the study we had a more comprehensive web-based questionnaire. However, since four of the first participated ASD individuals did not complete the web-questionnaire (two match-pair controls were also collected by that time), we changed to a more focused questionnaire reported here for the rest of the participants.

2.3. MRI data acquisition and preprocessing {#s0025}
-------------------------------------------

The participants were instructed to watch the movie during the fMRI scanning as they normally would but with the instruction of trying to avoid any movements (of especially their heads) during the experiment. The movie was projected on a semi-transparent screen behind the participant\'s head using a 3-micromirror data projector (Christie X3, Christie Digital Systems Ltd., Mönchengladbach, Germany). The distance to the screen was 34 cm from a mirror located above their eyes (image width 28 cm). The audio track of the movie was played to the subjects with a UNIDES ADU2a audio system (Unides Design, Helsinki, Finland) *via* plastic tubes through porous EAR-tip (Etymotic Research, ER3, IL, USA) earplugs. The movie was delivered using Presentation software (Neurobehavioral Systems Inc., Albany, California, USA). The loudness of the sound was adjusted to a comfortable level that could be clearly heard on top of the scanner noise. It was confirmed that each participant could well hear the sounds and the same loudness was used for all participants.

MR imaging was carried out with a Signa VH/I 3.0 T scanner with HDxt upgrade (GE Medical Systems, USA) using a quadrature 8-channel head coil. The imaging area consisted of 29 functional gradient-echo planar axial slices (thickness 4 mm, 1 mm gap between slices, in-plane resolution 3.4 mm × 3.4 mm, voxel matrix 64 × 64, TE 32 ms, TR 2000 ms, flip angle 90°). A total of 1980 functional images were acquired continuously during the experiment. T1-weighted anatomical 3D images were acquired for anatomical alignment with inversion recovery---prepared spoiled gradient echo sequence (TE 2.988 ms, TR 10.02 ms, flip angle 15°). The T1 image acquisition used the same slice prescription as the functional image acquisition, except for a denser in-plane resolution (in-plane resolution 1 mm × 1 mm, matrix 256 × 256) and thinner slices (1 mm, no gap).

The data were preprocessed with the tools implemented in the Functional Magnetic Resonance Imaging of the Brain Centre (FMRIB) software library (FSL, release 4.1.6 [www.fmrib.ox.ac.uk/fsl](http://www.fmrib.ox.ac.uk/fsl){#ir0010}; ([@bb0345])). To allow for the initial stabilization of the fMRI signal, the first 29 volumes of the session were excluded from the analysis; during this time the front titles of the movie were presented. The data were motion corrected (McFlirt) and non-brain matter was removed (BET); there were no group differences (P \< 0.05) in the 6 motion direction parameters. Framewise displacement was less than 0.5 mm for at least 95% of the samples in the participants who were included in the data analysis ([@bb0235]). The data were spatially smoothed using a Gaussian kernel with 6 mm FWHM, and high-pass filtered with a 150 s cutoff. The functional data were first co-registered (with FLIRT) to each participant\'s anatomical image allowing 7 DOF and then another registration was conducted from the anatomical space further to MNI152 standard space allowing 12 DOF. Manual correction of the registration (mainly rotation in the x-axis and minor scaling in z-axis) was conducted with Nudge.

2.4. Data analysis {#s0030}
------------------

Intersubject correlation analysis ([@bb0125]) was performed using the ISC toolbox ([@bb0340]). We calculated voxel-wise temporal correlations using Pearson\'s correlation coefficient between every pair of subjects across the whole full-band time series (1951 volumes) after regressing out the subject motion. To examine the source of group differences in ISC and to link the present findings with recent studies suggesting that the brain activity in ASD participants is associated with 'random noise' ([@bb0245; @bb0250]) we also computed randomness of the spectrum in the time series signal. This was estimated as the slope of a straight line fitted (in the least squares sense) to the power spectrum of each voxel time series on a log--log scale. Thus, the closer the slope is to zero the more the spectrum resembles white noise, and more random is the signal.

To test the statistical significance of the ISC maps, we performed a fully nonparametric voxelwise permutation test for the *r* statistic ([@bb0340]). From the correlation matrix, we computed mean ISC maps separately within the ASD and NT groups. A between-groups comparison for the subject-wise ISCs that were relative to other participants within the same group was conducted with independent samples *t*-test of the pairwise Fisher Z-transformed correlation coefficients with the null hypothesis of no difference in the mean ISC between the groups. The significance of the t-statistics was estimated by randomly re-labeling the groups so that at least 4 participants in each group were changed and recalculating the t-values using 10,000 permutations. We then calculated the 95th percentile of t-values for each permutation and selected the maximum value over the permutations as the threshold of significance thereby controlling the false discovery rate (FDR). The association of ISC and other measures was estimated by constructing matrices of average pairwise scores of each subject pair and correlating the upper triangle entries of these matrices with the pairwise ISC matrices. Thus, the average score of each pair was used as a predictor of the ISC strength of that pair. Furthermore, we correlated AQ scores with brain responses, because prior studies have found AQ scores to correlate with autistic traits ([@bb0305; @bb0300; @bb0310; @bb0315]) as well as brain structure and brain responses in simple social tasks and during rest ([@bb0325; @bb0320]).

The significance of the association of ISC with the randomness of the fMRI signal spectra, as well as the age, and behavioral indices was estimated using permutation testing. This was done across both groups including ASD and NT participants, and separately for the NT subjects. The testing was performed by randomly shuffling the order of the scores and calculating the percentiles of the observed correlations over the brain and taking the maximum of the observed percentiles over 1,000,000 repetitions thereby controlling the FDR.

Functional connectivity among brain areas during movie watching was examined using seed-voxel correlation analysis. The analysis was performed in the following steps: 1) Seed-regions were based on our previous study using fMRI during perception of dynamic social events ([@bb0150]) and defined as local maxima in the FDR corrected brain map of areas that were activated \[cerebellum crus I (37, 26, 16, the MNI x, y and z coordinates, respectively); middle temporal gyrus---MTG (70, 50, 33; caudate nucleus---Cau bilaterally (16, 10, 10 and − 16, 4, 10); superior temporal gyrus---STG (− 58, − 16, − 2); superior frontal gyrus---SFG (two seeds: 6, 54, 24, and 10, 10, 66); precentral gyrus---PreCG (46, 0, 50)\] or deactivated \[occipital fusiform cortex---OFC (32, − 46, − 8); frontal pole---FP bilaterally (20, 56, − 6 and − 20, 68, 12); paracingulate gyrus/anterior cingulate cortex---ACC (− 4, 28, 32); lateral occipital cortex---LOC/angular gyrus---AG (− 42, − 60, 40); postcentral gyrus---PostCG (− 38, − 26, 50)\] during perception of dynamic social events in our previous study ([@bb0140]). 2) The data were band-pass filtered (0.01 to 0.08 Hz) to avoid artifacts 3) Seed-voxel correlations were computed in each individual participant between the timeseries of 5-mm spherical ROIs surrounding the seed voxels and timeseries of all the other voxels in the brain for each seed individually. 4) Group differences were tested with *t*-test. 5) Significance of the t-statistics was estimated by generating random data and recalculating the t-values using 5000 permutations. Using framewise displacement value as a covariate in the second level analysis ([@bb0350]) had a negligible effect on the results. This is probably due to lack of statistically significant differences in the mean framewise displacement values between the two groups in the present study (p = 0.6825).

2.5. Eye movement recordings and analysis {#s0035}
-----------------------------------------

The subjects\' eye movements were recorded with SMI MEye Track long-range eye tracking system (Sensomotoric Instruments GmbH, Germany), based on video-oculography and the dark pupil--corneal reflection method. Calibration of the eye-tracking camera was done using five validated reference points and the data was collected with a 60-Hz sampling rate. Data from two ASD participants could not be collected due to interrupted access to the eye (the body of the participant partially occluded the camera view). Data from four additional ASD participants had to be rejected due to the poor quality of the recording (weak signal from the corneal reflection, movement of the camera during the scan, or occasional occlusion of the camera view) retaining 7 ASD participants for the final analysis. The criterion for rejection was that fixations were located outside of the calibration window in more than 10% of the time windows. The same number of NT participants was included to group comparison (dropping the subjects that had the highest number of fixations outside the calibration window). Similarity of fixation locations was calculated by creating a heat map of fixation locations for each participant in 2-s windows and calculating the pairwise spatial correlation of the heat maps between the participants. Heat maps were created by setting a 2-dimensional Gaussian kernel (sigma \~ 1°) at each fixation location within the time window.

3. Results {#s0040}
==========

ISCs of NT participants were stronger than those of ASD participants in multiple cortical and subcortical areas ([Fig. 1](#f0005){ref-type="fig"}). [Table 2](#t0010){ref-type="table"} lists the anatomical labels, t-scores and MNI coordinates of the maxima of these areas. There were no brain areas showing significantly higher ISC in the ASD than the NT group. Age correlated with ISC in precuneus (PC) and LOC, in areas partially overlapping with those showing group differences, and in some other areas, including right temporoparietal junction and superior parietal lobule ([Supplementary Fig. 1](#f0025){ref-type="fig"}). IQ was not significantly associated with ISC in any of the brain areas showing ISC group differences ([Supplementary Fig. 1](#f0025){ref-type="fig"}). Because two recent studies have shown evidence that brain activity of ASD individuals is more random than in NT participants ([@bb0245; @bb0250]), we inspected whether our ISC results are associated with increased randomness of the fMRI signals, using Mantel tests. Indeed, our results suggest that the randomness of the hemodynamic responses of subject pairs, estimated as the mean randomness score of the pair, predict decreased pairwise ISC values in the areas where the ISC is greatest ([Fig. 2](#f0010){ref-type="fig"}). However, we failed to find any significant between-group differences in the randomness of signals *per se*.

ISCs of NT participants were stronger than those of ASD participants in multiple cortical and subcortical areas ([Fig. 1](#f0005){ref-type="fig"}). [Table 2](#t0010){ref-type="table"} lists the anatomical labels, t-scores and MNI coordinates of the maxima of these areas. There were no brain areas showing significantly higher ISC in the ASD than the NT group. Age correlated with ISC in precuneus (PC) and LOC, in areas partially overlapping with those showing group differences, and in some other areas, including right temporoparietal junction and superior parietal lobule (Supplementary Fig. 1). IQ was not significantly associated with ISC in any of the brain areas showing ISC group differences (Supplementary Fig. 1). Because two recent studies have shown evidence that brain activity of ASD individuals is more random than in NT participants ([@bb0245; @bb0250]), we inspected whether our ISC results are associated with increased randomness of the fMRI signals, using Mantel tests. Indeed, our results suggest that the randomness of the hemodynamic responses of subject pairs, estimated as the mean randomness score of the pair, predict decreased pairwise ISC values in the areas where the ISC is greatest ([Fig. 2](#f0010){ref-type="fig"}). However, we failed to find any significant between-group differences in the randomness of signals *per se*.

Associations between autistic traits, measured with the AQ, and ISC magnitude within NT group was studied using the Mantel test ([@bb0260]). [Fig. 3](#f0015){ref-type="fig"} shows the brain areas in which the Mantel test revealed significant effects (P \< 0.05 FDR corrected). These areas included frontal orbital cortex, PreCG, occipital pole, and PC extending to several other areas. Clusters showing significant association between AQ and ISC overlap with the areas showing ISC group difference ([Fig. 1](#f0005){ref-type="fig"}) in the inferior frontal gyrus (IFG), MTG, supramarginal gyrus (SMG), PC, and OFC.

We conducted seed-voxel correlation analysis, using seeds in the brain regions that were significantly modulated by viewing dynamic social events in our previous study \[[Fig. 4](#f0020){ref-type="fig"}a, ref. ([@bb0150]), to examine group differences in large-scale brain connectivity. One of the examined networks with a seed in the frontal pole showed significant NT \> ASD between-group differences. This network, shown in [Fig. 4](#f0020){ref-type="fig"}b included areas in the SFG, AG, SPL, PreCG, PC, PCC, and ACC. We failed to see significant group differences in any of the other networks that were tested (see [Materials and methods](#s0010){ref-type="sec"} section).

Eye movements calculated in 2-s samples showed between-group difference across the whole experiment and in 0.5% of the individual samples (corrected P \< 0.05). Hence, eye movements were different between the two groups across the long stimulus, but the differences were not reliably associated with specific parts of the film. Since the between-group ISC differences were not focused on frontal and parietal eye fields involved in controlling eye movements but rather observed in other areas often in the literature implicated in social perception, we decided not to perform further analyses accounting for the possible effects of eye movements on brain activity.

The subjective evaluations of the film, obtained after the fMRI experiment from 9 ASD and 11 NT individuals, suggested that the groups did not differ in their interest towards the stimulus and had quite similar subjective experiences of the visual aspects and sounds of the movie, as well as of social behavior of the actors ([Table 3](#t0015){ref-type="table"}).

4. Discussion {#s0045}
=============

Our results show that ASD is associated with decreased ISC in brain hemodynamic activity time courses during viewing a feature movie that depicts various social interactions. There were significant ISC differences between the ASD and NT groups in several brain areas. These areas responded in more individualistic fashion in ASD subjects and thus lacked the group-level synchrony seen in NT subjects. Furthermore, the magnitude of ISC among the NT subjects was associated with their AQ scores, even though their AQ scores were in the normative range. In other words, the better the social brain of an NT individual 'ticks together' with others during viewing of naturalistic social interactions, the lower the AQ scores. Finally, atypical long-range functional connectivity was observed in ASD, using a seed-voxel based correlation analysis, in a cerebral network connecting the frontal pole with cingulate, superior frontal, and posterior parietal cortices.

Model-free ISC analysis method, introduced by [@bb0125], makes it possible to study altered brain activity in ASD during complex stimulation resembling real life. In ISC analysis the similarity or reliability of brain responses is quantified instead of mean response amplitudes. This analysis captures timing of the brain responses that is particularly important during complex stimulation ([@bb0125]). Furthermore, this approach allows testing the relationship between intersubject synchronization of brain activity and the mental states or behavioral traits of the participants ([@bb0155]).

Recent studies have demonstrated that autism is associated with decreased regional response reliability ([@bb0245]) as well as inter-regional randomness of the responses ([@bb0250]). Our findings are in concordance with these results. Our study demonstrates that decreased ISC and increased randomness of responses measure largely the same thing. However, the group differences in the ISC were more sensitive predictors of autistic traits than the randomness of the spectrum, as we failed to see statistically significant differences in the mean randomness of the groups. These distributed changes in regional and network activity in the brain provide new information about a difference in brain function between high-functioning autistic individuals and NT controls.

Our results suggest that the strength of ISC in IFG, MTG, SMG, precuneus, and OFC during natural viewing of social information correlates with autistic traits, as measured with AQ, also within the NT participants ([Fig. 3](#f0015){ref-type="fig"}). This finding corroborates previous studies suggesting that social cognitive impairments found with ASDs form a continuum where also NT subjects are located according to their social skills ([@bb0355; @bb0295; @bb0360; @bb0290]) and that these skills are largely connected to the same brain regions in both ASD and NT subjects.

The ISC differences were observed in multiple brain areas known to be involved in social perception/cognition. The caudate nucleus has been implicated in emotion and subjective experience ([@bb0365; @bb0370]), the SMG in human action perception ([@bb0380; @bb0375]), the LOC in perception of faces, bodies, and objects ([@bb0385; @bb0390]), the ACC and PCC in mentalizing and self-monitoring ([@bb0395; @bb0400]). The insula has been proposed to have a role in the perception of negative emotions such as disgust and regulation of related autonomic nervous system responses ([@bb0405]), which is yet another domain showing consistently abnormal functions in ASDs.

In their pioneering study utilizing a naturalistic stimulus, [@bb0160] demonstrated decreased ISCs in autistic participants with an average IQ in visual cortical areas and also in the superior temporal cortex areas associated with auditory processing. The more widespread ISC differences in the present study might be due to different types of stimuli (i.e. different duration and content of the movie), distinct clinical populations (i.e., autistic participants with average IQ in ([@bb0160]) and high-IQ individuals with Asperger syndrome in the present study), or both. Crucially, possibly due to the relatively short duration of the stimulus and selection of fictional western movie, ISC was focused on the occipito-parietal and temporal cortex, thus limiting the areas where the group differences in ISC could be observed. Moreover, [@bb0160] examined ASD participants that may have had other intellectual deficits than those limited to the social cognitive domain, perhaps observed also in the relatively low within-group correlation of the eye movement patterns (r ≈ 0.1). Nonetheless, our findings extend those of [@bb0160] by showing decreased ISC in high-functioning autistic subjects in brain areas important for social cognition.

Our results also show that decreased functional connectivity in ASD participants, as previously reported during simple behavioral tasks and at resting state, is also evident during the viewing of a complex real-life stimulus. Connectivity differences between the ASD and NT groups were not, however, as widespread as ISC group differences. Despite some overlap between areas showing between-group ISC differences and those revealed by seed-voxel functional connectivity analyses, only one network manifested statistically significant between-group differences in functional connectivity. On a cautionary note, the group differences were observed in long-range prefrontal-posterior connections, which could be prone to spurious effects caused by movement of the participants ([@bb0235; @bb0240]) and, therefore, these results should be regarded as tentative.

Despite the encouraging results, there are limitations in the present study that should be considered in future studies utilizing naturalistic stimulation. We were not able to obtain the Autism Diagnostic Interview, Revised (ADI-R) and Autism Diagnostic Observation Schedule (ADOS), which are standard instruments in the diagnostics of ASD in many countries. In Finland, they were not in standard use at the time of diagnosis of the AS participants of this study. However, AQ, EQ and SQ have been especially designed for high-functioning individuals with ASD. We were not able to obtain subjective evaluations of the film and eye tracking during movie viewing from all ASD participants. In future studies, it would be useful to collect for instance dynamic ratings of emotional arousal and valence ([@bb0155]) and use such information in modeling the brain imaging data collected during natural viewing. Further, we focused to a selected and highly specific subpopulation of the autism-spectrum disorders, high-functioning autistic subjects with Asperger syndrome diagnosis. Therefore, it remains unclear whether these findings generalize to broader sample of autistic individuals. Moreover, we used slightly different temporal filtering in ISC and SVC analysis, because SVC analysis with standard preprocessing showed artifactual correlations that extended to white matter and ventricles. Finally, we observed slightly lower synchronization of eye movements in ASD participants. It is possible that this affected ISC analysis.

5. Conclusions {#s0050}
==============

Our results showed that when high-functioning ASD participants view naturalistic complex social encounters, their multiple brain areas respond in individualistic ways resulting in lower ISC of hemodynamic activity compared with NT controls. Using seed-voxel based correlation analysis, we further identified a functional network of brain areas comprising the FP, SFG, AG, SPL, PreCG, PC, ACC, and PCC, that functions abnormally in ASD subjects. The associations between the strength of the ISC in multiple brain areas contributing to social functions and the severity of the autistic traits, which was observed even within the NT group, further suggests that the better the social brain of an individual 'ticks together' with others during viewing of naturalistic social interactions, the less likely it is that a given individual has autistic features. Our findings provide evidence that the increased randomness of regional brain activity and decreased inter-regional connectivity, previously demonstrated during resting state and non-naturalistic behavioral tasks, is evident in autistic participants also during a condition approaching the complexity of real-life. Our results encourage one to the use of ISC as a tool in further studies examining the neural basis of complex behavioral traits associated with high-functioning autistic disorders.

The following are the supplementary data related to this article.Supplementary Fig. 1Volume renders of the brain areas where age and IQ correlated significantly (P \< 0.05, FDR corrected) with ISC.
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![Volume renders of the brain showing regions where ISCs were larger (P \< 0.05 FDR corrected) in NT than ASD group. SMG, supramarginal gyrus; LOC, lateral occipital cortex; PCC, posterior cingulate cortex; PC, precuneus; ACC, anterior cingulate cortex; Cau, caudate nucleus; SMC, supplementary motor cortex.](gr1){#f0005}

![ISC across all participants (both NT and ASD; left) and the correlation between ISC and randomness of the power spectrum for the time series data (right). Correlation between ISC and randomness is strong mostly in the same regions in which ISC effect is largest. Both are thresholded at P \< 0.005, FDR corrected.](gr2){#f0010}

![Volume renders of the brain showing areas with significant (P \< 0.05 FDR corrected) correlation between ISC and AQ (Mantel test) across NT participants. Scatter plots are for visualization only and this data were not subjected to statistical testing. PcG, precentral gyrus; OP, occipital pole; FOC, frontal orbital cortex; STG, superior temporal gyrus; PT, planum temprorale; PC, precuneus cortex.](gr3){#f0015}

![Results of the functional connectivity analysis. a) Seeds that were at the cortical surface are in yellow. b) A network of areas that were significantly more strongly connected in NT than in ASD subjects (FDR corrected P \< 0.05). Superior frontal gyrus, SFG; angular gyrus, AG.](gr4){#f0020}

###### 

Participant IQ and social cognition characteristics.

  ---------------------------------------------------------------------------------------------------------
                             NT/ASD min--max     NT (n = 13) mean (S.E.M.)   ASD (n = 13) mean\   P
                                                                             (S.E.M)              
  -------------------------- ------------------- --------------------------- -------------------- ---------
  Age                        19--47/20--41       29 (2.1)                    29 (1.7)             0.84

  WAIS-III                                                                                        

   Full-scale IQ             114--140/110--146   129 (2.0)                   127 (3.4)            0.58

   Verbal IQ                 112--139/105--145   128 (2.2)                   127 (3.5)            0.73

   Performance IQ            115--144/102--143   127 (2.2)                   123 (3.4)            0.37

   Verbal comprehension      109--141/115--139   129 (2.6)                   127 (2.4)            0.73

   Perceptual organization   112--144/108--144   127 (2.5)                   127 (3.2)            0.97

   Working memory            93--142/85--139     120 (4.3)                   116 (4.0)            0.46

   Processing speed          93--142/72--136     116 (3.6)                   103 (4.8)            0.09

  Other tests and scales                                                                          

   Eyes test                 23--30/16--33       26 (0.6)                    25 (1.4)             0.56

   Benton face recognition   36--54/42--51       48 (1.6)                    47 (0.7)             0.46

   Autism quotient           6--35/17--43        12.5 (2.1)                  30.5 (2.1)           0.00001

   Empathy quotient          18--58/3--62        41.5 (3.2)                  25.9 (4.5)           0.009

   Systemizing quotient      18--58/26--67       33.4 (2.9)                  43.1 (3.8)           0.051
  ---------------------------------------------------------------------------------------------------------

###### 

Anatomical labels, MNI-coordinates, and *t*-scores of local maxima in brain areas showing significant (P \< 0.05 FDR corrected) ISC group differences (NT \> ASD). Anatomical labels are based on Harvard--Oxford cortical atlas.

  Brain region                                  X      Y      Z     *t*-score
  --------------------------------------------- ------ ------ ----- -----------
  Supramarginal gyrus, posterior division       34     − 48   20    12.4
  Lateral occipital cortex, superior division   − 26   − 62   42    11.7
  Lateral occipital cortex, inferior division   32     − 76   10    11.2
  Caudate nucleus                               18     26     0     11.0
  Posterior cingulate gyrus                     10     − 26   40    10.6
  Precuneus cortex                              − 28   − 54   18    10.1
  Anterior cingulate gyrus                      − 4    44     6     9.8
  Supplementary motor cortex                    4      − 2    62    9.4
  Nucleus accumbens                             − 12   14     − 6   9.2
  Central opercular cortex/Insula               − 38   0      14    8.8
  Supramarginal gyrus, anterior division        68     − 20   28    8.7

###### 

Participants\' subjective evaluations of the film (1--5 scale, excluding familiarity).

  ----------------------------------------------------------------------------------------
                                  NT/ASD min--max   NT mean (S.E.M.)   ASD mean\    P
                                                                       (S.E.M)      
  ------------------------------- ----------------- ------------------ ------------ ------
  Familiar (1)/non-familiar (2)   --                1.73 (0.14)        1.8 (0.13)   1.0

  Overall rating of the movie     0--5/0--3         3.1 (0.31)         2.4 (0.26)   0.22

  Visual environment                                                                

   Pleasant/unpleasant            2--5/2--4         3.13               3.38         0.55

   Riveting/revolting             2--4/1--5         2.88               2.88         0.84

   Foreseeable/unexpected         1--4/1--5         3.00               2.75         0.40

   Complex/simple                 3--5/3--5         4.00               4.25         0.51

  Auditory environment                                                              

   Pleasant/unpleasant            1--4/1--4         2.5                2.63         0.59

   Riveting/revolting             2--4/2--4         2.88               3.00         0.80

   Foreseeable/unexpected         1--4/1--5         2.63               2.38         0.70

   Complex/simple                 2--5/2--5         4.25               3.75         1.0

  Social behavior                                                                   

   Pleasant/unpleasant            3--5/3--5         4.25               4.13         0.78

   Riveting/revolting             1--5/3--5         3.00               3.88         0.14

   Foreseeable/unexpected         1--5/2--5         3.00               3.00         0.70

   Complex/simple                 2--5/2--5         3.63               4.00         0.24
  ----------------------------------------------------------------------------------------
